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Abstract 
Polymer products with functional surfaces are applied in many fields such as medical devices and 
biotechnology. However, most technologies for the fabrication of micro-structured functional surfaces are 
still limited to flat geometries or geometries with constant curvature. This paper describes and compares 
three approaches for fabricating micro- or nano- structured surfaces; those process chains are suitable for 
patterning of the surface of 3D shape cavity for injection moulding. The desired surface features have been 
approved by cell proliferation test. The first approach is to use pre-fabricated plate with micro-structured 
surface as an inserts inside the cavity. The second approach is to directly pattern the surface by a 
femtosecond laser combined with mask projection technique. The third approach is to produce the cavity 
part using an anodizing process followed by metal deposition, and in this way, sub-micro features were 
obtained all over the cavity surface. The aim of this paper is to find solutions to implementing the desired 
features on the entire the surfaces of a 3D shaped ring; this research will also benefit the production of other 
complex parts with functional micro- or nano- structured surface. 
Introduction 
Polymer products with functional surfaces are applied in many fields such as medical and bio technology 1&2. 
It is believed that certain types of micro- or nano- structured surfaces can enhance tissue anchoring3456789, 
though in some cases subsequent treatments such as exposure to plasma are needed10. 
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There are multiple reports on fabricating microstructures on a surface of mould for polymer injection 
moulding or for replication by other materials3. Most of the work focuses on flat surfaces or surfaces with a 
constant curvature. For instance H. Kim et. al. has reported using micro-abrasive jet to fabricate 
microstructure on a curved surface with the aid of a mask4. A process for structuring a surface with a constant 
curvature by implementing a cylinder processing system 11 was reported by S. Bruening et. al..  M.P. Rao et. 
al. has described a method for microfabrication of high aspect ratio structures using mask, however the 
structuring is limited on the projection of the pattern profile into the third dimension, i.e. it is a so-called two 
and half dimensional machining. K Mielonen et. al has reported a process chain to create hierarchically micro 
structure on curved surface based on bending a pre-fabricated aluminium foil with micro features12.  Additive 
manufacturing using metal allows mould fabrication of complex geometry, however the resolution and 
precision for the surface feature cannot be achieved for or it does not meet the tolerance when the surface 
features are in micro range13.  The soft-tooling process has been reported by Y. Zhang et. al.14; Polymer 
additive manufacturing is used for producing the mould inserts, and this approach allows micro features on 
surface, however due to the issue of tool life this process is only applicable for pilot production.  
Typically, products that need micro structuring on the surface have a three dimensional and complex 
geometry. There are huge demands for investigation in establishing the microstructures on the surface of a 
3D mould. The investigated demonstrator in this paper is a part of a fixture for electrodes to be implanted 
inside human body. It is a ring with four wings as illustrated by Fig. 1. In order to proliferate cell growth, 
microstructures are needed on the entire surface, or as a minimum on both sides of the wings.   
 
Fig. 1 A ring with four wings is the target product to be produced by polymer injection moulding. The overall dimension is 
approximately 7 mm. The wings have an angle of 30 degrees from the ground. It is a fixture for an electrode implanted inside 
human body. The application requires micro features to be applied on the entire surface, i.e. the surface of the wings, and the 
external surface of the ring. 
Cell proliferation tests were carried out to assess the effect of different microstructures on cell growth. A 
number of different surfaces were tested and the results are shown in Fig. 3. Two particular types of 
surfaces structures stand out because they seem to give results similar to the reference surface. This paper 
describes the possible process chains related to realization of these types of microstructures, and a 
comparison between the different process chains in terms of process characteristics as well as obtainable 
quality is carried out.  
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Process chain overview 
Three process chains are investigated in this study. The first one is based on a traditional MEMS based 
micro-structuring approach where a flat wafer is structured with a regular array of holes (nominal diameter 
of 4 µm and depth of 2 µm). Then the wafer is cut into smaller pieces and these pieces used as inserts in 
the 3D mould cavity. The second process chain is based on a direct laser machining of holes into a tool steel 
surface using a femtosecond laser combined with mask projection technique. The third process chain is 
based on an anodized aluminium surface that is replicated using nickel electroplating. In this way, closed-
packed hexagonal bumps in sub-micro scale were achieved. Error! Reference source not found. illustrates 
the three different process chains under investigation. 
 
Figure 2Illustration of the three process chains investigated in this paper 
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Fig. 3 Proliferation test of several micro /sub-micro structures using PEEK substrate. “TCP” refers to tissue culture polystyrene 
which is used as reference for the comparison.  “2 µm” is the periodical 2-µm-high pillars produced by the pre-fabricated Ni inserts; 
“Nano” is the hexagonal bumps produced by anodizing process. Compared to the flat surface and 10-µm-high pillars, the first 
mentioned two were suitable candidate to promote cell growth after 96 hours.  
Process chain 1: micro structured Ni plate machined into insert 
Approach 1 is to utilize a prefabricated nickel plate with micro structured surface as inserts for the mould 
cavity.  The Ni plate was purchased from Hoowaki®, which was fabricated by deep reactive-ion etching 
process process15.  The dimension of the micro holes on surface are 4 µm in diameter and 2 µm in depth, 
with a 2 µm edge-to-edge distance and in square lattice, as illustrated by Fig. 4. 
 
Fig. 4 Micro holes on the surface of Ni plate. The measured average hole diameter is 4.3 ± 0.053 µm; the average depth of the hole 
is 2,11 ± 0,025 µm. the surface roughness on the top is Sa 0.084 µm, while in the bottom of the holes is 0,154 µm. 
The nickel plate was machined into pieces with a trapezoidal cross section; they were embedded into the 
cavity to form the flat sides of the wings, as illustrated by Fig. 5. The wings have an angle of 30 degrees from 
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ground. In this manner, micro-pillars were obtained on both top and bottom sides of the wings on the product. 
It counts for 46 % of the total surface of the device. 
   
 
Fig. 5 Inserts made from prefabricated Ni disk are assembled with mould cavity. From left to right: the Ni piece with microstructure 
on the surface, cavity for the injection side and the assembly. The bright colour shows the side with micro holes. 
The cavity was tested by liquid silicon rubber (LSR) injection moulding at 150 °C for more than 1000 cycles. A 
FormicaPlast® (Desma®, Germany) injeciton moulding machine was used. A good replication of the micro 
structures was achieved on both sides of the wings. No obvious wear of the tool was observed16. Fig. 6 
displays the topography of the obtained pillars on silicone rubber replicas. The average height of the pillars 
is 1.78 ± 0.04 µm; the average diameter is 3.96 ± 0.37 µm. 
 
 
Fig. 6 Pillars obtained on silicone rubber parts by injection moulding.  
There are numerous techniques for fabricating micro- or nano-structure on the surface of a metallic flat disk, 
so that subsequently it can be machined as inserts for injection moulding. The features can vary in dimension 
and pattern. Precise structuring that fulfils requirements for a micro replication can be achieved17. In the 
meantime, there are intensive works to investigate the replication of those features (by polymer) using 
injection moulding or other polymer processing techniques. It is worth to note that, when fabricating the 
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nickel plate using the so-called Bosch method, a silver layer is deposited by physical vapour disposition prior 
to the Ni electroforming, which is necessary as seeds for Ni electroforming. The typical thickness is 200 nm 
approximately. When used in replication processes such as injection moulding, this silver layer may peel off.  
The Ag peeling may contaminate the polymer part if they have a medical application. Therefore protective 
coating can be deposited in order to protect the surface from contamination of Ag, also it improves the 
demoulding of the pillars from the holes18.  1-degree draft angle is designed for the holes, in order to facilitate 
the demoulding process.  
To machine the original disk or plate into a specific insert, depending on the materials type, facilities from a 
conventional mechanical workshop are needed in many cases; nowadays a wire EDM is very often used. The 
smaller the size of the insert, the more difficult the mounting process will be, because manual mounting will 
be required. Complexity of the shape will increase the difficulty too. Special clamping tools may be required 
for the machining. Moreover, given that the current technology for surface structuring is mainly limited on 
flat surface or surface with a certain curvature, the method to utilize a prefabricated plate can only be applied 
to flat areas in the cavity. In addition, the delivery time for the ordered plate was approximately 2 month, 
which must be taken into the designing cycle time.  Modification on the surface pattern will lead to extra cost 
to re-order a new plate.   
Process chain 2: laser direct machining on the surface of cavity 
Approach 2 is to machine on the cavity surface by laser. Femtosecond laser and other ultra-short pulse laser 
sources are applied for micro machining on different materials intensively. Kuna et. al. described a method 
of generating grating structure inside the volume of thin silicone film by femtosecond laser direct writing 19; 
Kling et. al. has reported metal micro drilling by femtosecond laser combined with a trepanning head, and 
high-aspect micro holes with high-quality sidewalls can be achieved 20.  As an initial test, a flat a piece of 
stainless steel was machined by a femtosecond Ti: Sa laser (Demtopower Compact Pro, Femtolasers 
Produktions GMbH, Vienna, Austria). A flat area was prepared by EDM, so that it imitates the same surface 
quality as a workpiece with complex shape that is machined by the same technique. The area was hand-
polished by sandpaper (#1000 and followed by #4000) and then diamond paste. Fig. 7 shows the top view of 
the holes drilled by laser; on the background, scratches from polishing are visible. Fig. 8 displays a silicone 
replica of the holes. As can be seen the holes are circular and slightly tapered. Fig. 9 gives the dimension of 
the holes when varying energy and the number of laser pulses. The obtained holes are from 3 to 4 µm in 
diameter and 2 to 8 µm in depth; both the diameter and depth increase when higher pulse energy was used.  
The depth was also dependent on the pulse numbers.  These results suggest that using the ultrashort pulse 
laser is able to fabricate holes array with a similar dimension and comparable repeatability (+/- 0.5µm) as 
using lithographic methods.  
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Fig. 7 Holes matrix made by a femtosecond laser 
with mask protection technique 
 
Fig. 8 Silicone rubber replica of the holes matrix, 
tilted for 45 degree. 
 
 
 
Fig. 9 The diameters and depth of the holes made by the femtosecond laser.  
Laser machining has higher degree of freedom for pattern design and shorter production chain because of 
direct machining. It is capable to achieve features with lateral dimension from 200 nm to several hundred 
micro meters21, combined with other technology for instance mask protection or interference techniques. 
What is even fascinating is the possibility to machine micro features on the surface of 3D parts, although it is 
a line-of-sight process, i.e. only the area that laser is able to “see” can be machined; a five-axis holder will be 
required in order to perform the machining on surfaces with different tilting angles and achieve precise 
alignment. However, the production cost will be increased.  
In the current research, the purpose was to create the micro holes in the comparable dimension as the 
Hoowaki Ni plate. The roughness of surface must be considerably smaller than the size of the desired feature 
(as a rule of thumb, 10% of the size of desired features); a rough surface will lead to low repeatability. It 
means in order to create 2-µm-high features, the roughness (Ra) of the surface need to be less than 0.2 µm. 
If  conventional EDM is used for cavity fabrication,  which is a popular method 22, the typical roughness Ra of 
the obtained surface is 0,8 - 12,5 µm23; Then polishing is necessary. However, the size and the geometry of 
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the cavity may lead to difficulties for the polishing process, since current automated polishing techniques 
such as electro polishing and slide grinding are based on large-area ablation. Manual polishing can be one 
solution; otherwise there are novel methods, for instance,  laser polishing which is suitable for freeform and 
small area polishing can achieve roughness down to 0,01 µm (Ra) depending on the materials type24,25 ; 
magnetic compounds fluid combined with magnetic field can also improve the roughness to Ra below 1 µm26. 
It means extra steps are required for this method, which will increase the processing time and cost.  
In the studied case, mask projection technique was used in order to obtain stable machining condition at 
different surface qualities, combined with a microscope objective 50 X, consequently the processing time per 
hole was 1.0 – 1.5 second. In this way approximately 8 hours is needed for machining on 1 mm2 surface. This 
process will be extremely time consuming and therefore expensive for the investigated tine ring mould cavity. 
For the investigated product, this will be a big disadvantage.  
Process chain 3: anodizing and etching process 
Finally yet importantly, the third approach is to use an anodizing process chain to create sub-micro structure 
all over the surface of the cavity.  
The anodizing processing starts from anodizing of an aluminium substrate, in the shape of final product. Self-
organized anodic porous alumina forms with the surface of a closed packed array of hexagonal cells. The 
uniform pore diameter, which is controllable by altering the anodizing conditions, can range from a few 
nanometres to approximately 1 µm. The distance between pores can also be varied by using different acid 
and voltage 27 28 29.  Subsequently, the anodized layer as well as the barrier layer will be etched away by acid. 
Then hexagonal concaves are exposed. 30 
This research used aluminium alloy (Al6060) instead of pure aluminium31, due to alloy’s better mechanical 
property, therefore complex geometry can be produced. Fig. 11 (a) and (c) show the aluminium parts. Fig. 10 
(a) shows the surface structure of the aluminium after anodizing and etching.  The impurities in the alloy may 
lead to irregular lattice; in order to remove the impurities, 1 µm thick copper layer was deposited by physical 
vapour deposition (PVD) prior to the electroplated nickel.  Nickel can also be changed to other metals to 
realize different functionalities32. After this step the aluminium substrate was dissolved by chemical 
dissolving in order to reveal the Ni master with the negative surface structure33. The copper layer will be 
etched as well and it will remove the impurities in the alloy. According to our study, the features on the Ni 
part show a good reproducibility of the aluminium surface. Additionally, the entire surface of the Ni part is 
structured. Then this Ni master was machined to insert for injection moulding, as shown by the right pictures 
in Fig. 11 (b) and (d). Fig. 10 (b) illustrates the surface of the Ni master used in our study, on which convex 
hexagon are closely packed. The sizes of the hexagons are approximately 420-450 nm in inner diameter.  
Replicated by polymer injection moulding was conducted initially, a distributed pattern of pores can be 
obtained on surfaces.   
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(a) (b) 
Fig. 10 (a) The surface structure of aluminium after anodizing (b) The surface structure of the nickel part after the Al was dissolved.   
  
(a) (b) 
 
 
(c) (d) 
Fig. 11 (a): Aluminium part for injection side (b) Nickel part for the movable part (c) Aluminium part for the injection side (d) 
Nickel part for the movable side. Ni layer was electroplated on top of the Al parts (after a thin layer of copper); after the Al was 
dissolved, the Ni parts were machined into inserts.  
Evidently, the anodizing process make it possible to create sub-micro surface structures on real 3D products. 
In addition, it is a relatively low cost process. The chemical treatments take from a few hours to a day. The 
Ni part formed by electroplating can achieve sufficient hardness for long-term injection moulding use. 
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Summary and comparison  
This paper has described 3 different process chain for establishing micro structures on a micro scale 3D 
geometry. The three process chains originate in different technology approaches, and therefore their 
capabilities were subject of this investigation. 
Table 1 compares the three process chains regarding the dimensions and geometry. The first two fabricate 
micro holes and the third one fabricates micro bumps. The second column describes the process chain in 
brief.  The third column illustrates the cross sections of the micro features. For micro holes, taper angle is 
designed to facilitate demoulding. The fourth column illustrates patterning of the features.   For the method 
with a prefabricated plate, we define the topic within lithographical processes, such as DRIE and interference 
lithography; i.e.  the process starts from a silicon substrate, and a mask or protective layer is required to 
introduce the micro features, then metal deposition or casting15 will be used to obtain the negative shape, 
eventually the metal part will be machined and utilized as the mould for injection moulding.  These methods 
are capable of fabricating micro features with numerous geometries and patterns with wide range for size 
selection from a few nanometre to hundreds of micrometres.    
The laser process can fabricate features from 200 nm to micrometres and above.  The fifth column shows the 
range of the dimensions for the features generated by each method.   
The anodizing process is only capable to produce hexagonal shape and highly packed pattern; the range of 
achievable feature size is only in sub-micro range. The lack of feature and patterning freedom may be a 
drawback for some applications. However, it has a huge advantage that it is able to apply sub-micro features 
on the entire surface. 
Table 2 compares the three approaches regarding the complexity when applying those process chains. Laser 
machining has a wider choice for material, which makes it prior to the other two approaches. Meanwhile it 
is a line-of-sight process, which limit the application for real free-form machining, also polishing is required 
before the machining. For the other two approaches, the mould part is formed by metal deposition using 
wet chemistry; therefore the material is limited to metal family that can be deposited. However, anodizing 
process is a real free-form surface structuring method. Prefabricated plates provide enormous options for 
feature size and pattern, but the manufacturing cost is relatively high due to long process time. The cost to 
redesign the surface micro features will be very high.  
With the purpose of choosing a process wisely, the requirements to the product need to be considered 
combined with other issues such as time, price, and availability of facilities and so on. For the current 
components, the first process chain was chosen for production due to the availability of the prefabricated 
plates.  
Table 1 comparison of geometry and size of the features on mould cavity 
Pro
ces
s 
cha
in 
Descript
ion  
Geometry 
Top view 
Geometry side 
view 
Pattern  In-plane feature size (µm)  
 capability   in our research 
Dime
nsion 
repea
tabilit
y 
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1 Pre-
fabricate
d plate 
embedde
d as 
insert 
 
 
 
 
0,5 
µm 
2 Laser 
processin
g 
 
 
 
 
0,5 
µm 
3 Anodizin
g and 
etching 
processin
g 
  
 
 
 
0,05 
µm 
 
Table 2 Comparison of process complexity 
 Feature and 
pattern design 
flexibility 
Fabrication time: 
from design to 
insert 
Materials range  Suitability for 
Complex mould 
Pre-fabricated plate 
embedded as insert 
High 34 
 
 
long 
 
Limited; Ni or 
other plate-able 
metal 
Medium 
Laser processing high  
 
Short Wide; Metal and 
polymer 
High (line-of-
sight) 
Anodizing 
processing 
low  
 
Long Limited;  Ni or 
other plate-able 
metal  
High ( free form) 
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